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1.1 High Temperature Oxidation Behaviour of Iron and Iron-Base 
Alloys 
1.1.1 High temperature oxidation behaviour of iron 
At temperatures above 560°C, when iron is exposed to oxygen, a 
relatively complex reaction system is Involved and multilayered scale is 
formed comprising of wustite (FeO), magnetite (FeaOA) and hematite 
(Fe203). The Fe-0 diagram [1] (Fig. 1.1) shows that iron forms three 
oxides at temperatures higher than 560°C, the lowest valency oxide, 
FeO (wustite) has a NaCI type cubic structure and is metal deficient of 
the order of 5-12% iron vacancies. Being cation conducting it grows 
entirely by the diffusion of iron and appears in the form of innermost 
layer. The second oxide, fejp^ (magnetite) has a spinel type structure 
and is an excess oxygen compound and grows largely by oxide ion 
diffusion. The highest valency oxide, Fe203 (hematite), which forms 
outer most layer of the multilayer scale has rhombohedral crystal 
structure. It is slightly oxygen deficient, metal excess, and largely grows 
by oxide ion diffusion. 
The percentage of wustite, magnetite and hematite in the scales 
vary with temperature [2], duration of oxidation and nature of oxidizing 
gas [Fig. 1.2]. Below 560°C, FeO Is unstable. However above 600°C, 
FeO is predominant species and since FeO has more defective 
structure than either of the two oxides, iron oxidizes much more rapidly 
above 600°C. The mechanism of oxidation is not simple and requires 
several mechanistic approaches at various stages of oxidation. 
1.1.2 High temperature oxidation behaviour of iron-base alloys 
FeO appears as a thermodynamically stable phase at 
temperatures above 560°C. Due to highly defective structure of wustite it 
grows very rapidly on iron surface via outward diffusion of iron ions. The 
appearance of wustite phase In the scale gives rise to a marked 
deterioration in the protective properties of scales on iron. It follows that 
one of the first measures to improve scaling resistant properties of iron 
base alloys is in the creation of conditions restricting the growth of 
wustite phase. Arkharov [3] showed that rapid increase in oxidation 
rates of iron and dilute iron base alloys at higher temperatures Is directly 
associated with the rapid growth of the wustite phase. Arkharov 
suggested that alloying additions forming a spinel structure with smallest 
possible lattice cell parameters may be helpful in restricting the growth 
of wustite. The addition of an alloying element in iron to impart scaling 
resistant properties has two-fold purposes. Firstly, the elimination of 
wustite from the scale and secondly, the formation of protective spinel 
oxide. 
Benard's [5] investigations on model FeO-MeO systems showed 
the presence of two types of MeO oxides. The first type includes NiO, 
CoO, MgO which has similar structures as that of wustite but smaller 
lattice cell parametres than wustite causing wustite phase stability to 
higher temperatures. The second type includes MnO and CaO has 
greater lattice cell parameters than those of wustite, which shift the 
wustite phase to a lower temperature. 
Failure of pure iron to form sufficiently protective oxide layer 
suitable for practical applications at temperatures above 500°C, 
demands the presence of an alloying element which has a higher 
oxygen affinity than iron and where oxide grows at low rate. Generally, 
Cr or in some cases Al or Si serve this purpose, and when present in 
sufficient concentration, protective scales of Cr203, AI2O3 or Si02 are 
formed exclusively. 
The oxide scales are still similar to those on pure iron at low 
alloying concentrations. The defect concentrations may be modified, 
usually increased, resulting in change in oxidation rate. At higher 
concentrations, compound oxides with spinel structures are formed of 
the general type Fe(FeM)04 where M is the alloying element. And the 
composition range of FeO becomes restricted. Often the spinels can 
exist over a range of composition and usually their appearance in the 
scale result in the decrease in the overall oxidation rate. 
For the oxidation of dilute binary iron with alloying additions which 
are less noble than iron, e.g., V, Cr, Si, and Mo Rahmel [6] proposed a 
reaction mechanism. Initially these alloys oxidize like pure iron resulting 
in the formation of iron oxides. Subsequently oxygen dissolves in the 
alloy phase causing internal oxidation, and because of the preferential 
oxidation of iron, the alloying addition is enriched at the metal/oxide 
interface. As the oxide of alloying addition is formed, this reacts with 
FeO to form Fe(FeM)04, giving two phase inner layer. At high 
temperature, the oxidation of pure metals results in the formation of a 
single-product oxide phase. The rate of growth is controlled by ionic 
diffusion over defect sites in the scale. 
studies relating to enhancement of oxidation resistance of steel 
by the addition of more than 5 wt. % aluminum and more than 12 wt. % 
Cr has been carried out [7-9]. It has been shown that small amount of Al 
and Cr In low alloying steels could enhance the oxidation resistance of 
oil refinery materials. Huang and Zhu [10] have carried out some kinetic 
experiments on oxidation of low alloy steels containing Al and Cr 
additions in the temperature range of 700-850°C. They found a shift In 
temperature of wustite function to the higher side as a result of alloying 
element additions accompanied by an enrichment of the elements on 
the surface of the steels. This probably is the main reason in the 
improvement of oxidation of steels. 
1.2 High Temperature Coatings 
1.2.1 Introduction 
The application of a coating on material is the most familiar 
method to protect them from corrosion. The coatings are required not 
only at low temperatures but at high temperature also to protect the 
materials from aggressive environment. The main aim of protective 
coatings is to act as a physical barrier and cut off the contact between 
the corrosive environment and the base material, which Is otherwise 
reactive to the environment If left as such. The main criteria for selecting 
the materials for high temperature applications are impact resistance 
and good oxidation and corrosion resistance. For many high 
temperature application, both high temperature strength and high 
oxidation and corrosion resistance are main requirements. However, in 
designing of an alloy. If strength Is taken care, It is at the cost of 
corrosion resistance and of the alloy Is affected. For example. In case of 
super alloys higher chromium content is preferred for increased 
corrosion resistance, but this affects the mechanical properties 
considerably. However, if aluminum content is increased at the expense 
of chromium to Increase the strength, the corrosion resistance 
decreases considerably. Thus, if the alloy is designed for better strength 
it is possible to improve the con-osion resistance by applying external 
coating. 
The choice and requirements of the coatings vary according to the 
nature of the component and the system. 
The coating should have high degree of oxidation/corrosion 
resistance depending upon the temperature and the environments and it 
should remain intact and crack free during the designed life. The coating 
should also be easily repairable, if possible, without removal from its 
place. In case the oxide scale cracks, the coating must be able to re-
from the protective oxide at the eariiest. During exposure to high 
temperature environment, it should form a very slow growing oxide to 
protect It from any further attack. The coating process should be cost 
effective and easy In application. 
There are two important factors which affect the protective 
properties of coatings, namely, the mechanical and chemical properties 
of the film Itself and the adhesion; the bond between the film and the 
surface to be covered [11] 
1.2.2 Classification of coatings 
There are a number of bases of classification of coatings. 
However, according to the properties of the coatings and the nature of 
the metals and alloys on which these coatings are applied, coatings are 
classified into metallic and non-metallic. The metallic coatings are 
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comprised of films of metals or alloys deposited on the substrate by the 
process of spraying, diffusion or electrolysis. The non-metallic coatings 
consist of layers of non-metallic substances on the substrate and further 
classified into organic and inorganic coatings. Organic coating contains 
an organic compound of high molecular weight such as dye, rubber, 
plastic or a combination of the two or such materials and a carrier which 
is usually a mineral oil. In organic coatings include phosphate, oxide, 
silicate, chromate and borate which are used for less severe corrosion 
environments and at moderate temperatures and aluminide, boride, 
silicide, carbide and nitride coatings which are suitable for more severe 
corrosion environments and at elevated temperatures. There are, 
several other ways to classify high temperature coatings but the 
performance of various coatings is the more appropriate way of 
classification, by which the coating can be classified into three groups 
[12] 
(i) Classical coatings 
The classical coatings include diffusion coatings such as 
aluminides, sllicides or chromium coatings, deposited by pack 
cementation, slurry or hot dipping. 
(ii) Modern coatings 
Such coatings include overiay coatings such as thermal barrier 
coatings, deposited by PVD, electron beam - PVD or plasma spraying. 
(ill) Advanced coatings 
These coatings include aluminized coatings deposited by CVD, 
aluminide coatings modified by noble metals such as Pt or Pd, Cr or by 
reacting elements, Y, Hf or other rare earth elements, complex overiay 
coatings, laser deposited coatings and laser remelted overlay coatings, 
intermetallic coatings, aluminides or disilicide coatings on niobium or 
niobium based alloys and composite aluminide coatings such as nitride, 
boride, or carbide aluminide coatings for titanium. 
1.2.2.1 Aluminide coatings 
Aluminide coatings based on aluminide compounds are the most 
widely used coatings and are suitable under high temperature oxidation 
environments and in presence of ionic salts. The coatings can be 
formed by a number of techniques such as hot dipping, flame spraying, 
slurry or pack cementation. Among these techniques, pack cementation 
is the idealy suited in which the coating elements enter the alloy 
substrate by diffusion. In recent years electron beam physical vapour 
deposition and plasma spraying have also been used. The alloys for 
which the processes are suitable are mild steel, stainless steel and 
nimonic alloy. 
The aluminide coatings have been used on Ni- or Co- based 
super- alloys where Ni- and Co- aluminides are formed, respectively. 
These coatings have been utilized by gas turbines and aircraft 
manufacturers to increase the temperature and period of engine 
overhauls [13]. Aluminide coated steel tubes are finding increasing use 
as reactor internals and heat exchangers etc. [14]. These coatings also 
find use in coal gasification and liquification technologies. The aluminide 
steel performs better than stainless steel. 
Lavendel and Henry [15] have prepared corrosion resistant 
aluminide coatings on Fe- and Ni- base alloys. The fused slurry of Nickel 
containing coatings having 55-85% Al and 5-10% Si was deposited on 
mild steel and inconel-600 substrates. Phase composition and 
distribution in tlie coatings were controlled by adjusting of reciprocal of 
Al and Ni in the reactive liquid generated during fusion. Slurries with 
balanced Al-Ni concentration produce single-phase coatings. The 
coatings form a thin adherent protective scale on inconel-600 within the 
first 125h of cyclic air exposure at 1100°C. The coating is degraded 
either by the loss of Al or environment in Ni or Fe by inter diffusion with 
the substrate. The y-NiAl, a transformation product of p-NIAI retains 
enough Si in solution to maintain unchanged oxidation kinetics. The 
coating is better than the common aluminlde coating and is good for use 
in gas turbines. 
There have been few investigations on the structure and phase 
composition of aluminlde diffusion layers on both plain carbon and 
stainless steel [16-17]. The nature and growth kinetics of coatings are 
influenced by temperature, time and type of activator (halide salt) etc 
[18]. Pack aluminizing of steel in unalloyed Al pack yields non-uniform, 
brittle FeAla and Fe2Al3 coatings. Smooth, adherent and uniform FeAl 
coating could be obtained using a Ferro aluminum pack with NH4F.HF 
activator. The coating layer grows parabolically with time. Recently, Liu 
et al [19] reported a new way to evaluate a high temperature oxidation 
resistance and life of aluminlde coatings on Co-base super alloys in air. 
The high temperature oxidation and degradation behaviour was 
analyzed for aluminlde coatings on Co-base super alloys, and 
relationship between the oxidation resistance and life of the coating has 
been deduced. 
Aluminum nitride (Al-N) thin films have been used as protective 
overcoats for terbium-iron magneto-optical media [20]. Protective 
performance of Al-N overcoats was evaluated by electrochemical 
polarization, immersion tests and environmental exposure studies. The 
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corrosion currents for Al-N coated Tb-Fe films are significantly lower 
than those of unprotected Tb-Fe films indicating that Al-N protected films 
have lower corrosion rates. 
1.2.2.2 The modified aluminide coatings 
The high temperature oxidation and hot corrosion resistance of 
aluminide coatings can be improve by incorporating a number of 
elements. The details are as follows: 
(i) Chromium modified aluminide coatings 
The hot con^osion resistance of aluminide coatings can be 
improved by adding some chromium. This can be done, either by adding 
additional chromium to the substrate by the formation of a-Cr layer [21] 
or with a graded Cr enriched y-phase layer without of a-Cr [22]. This is 
followed by aluminizing with pack cementation or other techniques. 
Second method is the co-deposition of aluminium and chromium. 
This can be done by a single step pack-cementation process. It has 
generally been reported [23] that simultaneous deposition of Cr and Al 
on the Ni-base alloy by pack is difficult because of difference in 
diffusivity of Cr and Al in NiAI. However, one step chromo-aluminizing 
coatings have been made with micro-structure of Cr and NiAI layers, 
quite different from conventional aluminide coatings. 
(ii) Piatinum modified aluminide coatings 
Significant improvement in the high temperature hot corrosion 
(HTHC) (900-1000°C) of aluminide coatings have been reported If Pt is 
incorporated with aluminide. Low temperature hot corrosion (LTHC) is 
little affected by this modification. There is strong change in the structure 
of the coating. The role of Pt in the aluminide system is very similar to 
the role of Ni in NIAI. Pt is relatively immobile in Al-rich NiAl phase and 
highly mobile in Ni-rich NiAl phase. The platinum modified coatings 
develop a spectrum of structures derived from achetypal two zone and 
three zone structures of standard aluminides, depending upon the 
aluminizing treatment, and platinum deposit heat treatments, prior to 
aluminization of the alloy and this results in the improvement in the hot 
corrosion at high temperatures [24, 25]. 
Cyclic oxidation tests on R-aluminide coatings reveal that the 
presence of Pt in aluminide coatings enhance oxidation resistance. 
However, in order to fully realize the beneficial effects of Pt on oxidation 
behaviour, a certain minimum Pt content in the coating was found to be 
necessary [26]. 
(iii) Palladium modified aluminide coatings 
Alperine et al [27] reported that palladium modified aluminide 
coatings are inferior to the corresponding platinum modified coatings. 
This is mainly due to the hydrogen embrittlement during the deposition. 
This can however, be prevented if the gas intake is prevented by 
replacing Pd by Pd+M (where M can be Ni, Co, or Cr, which have very 
low hydrogen solubility) or by applying on the substrate a duplex 
predeposited made up of two metallic layers, a pure Pd and a top layer 
of metal M. 
(iv) Titanium, niobium, boron and rare-earth modified aluminide 
coatings 
Titanium, Niobium and Boron modified aluminide coatings have 
been found to offer good protection, with no carburization [28]. These 
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retard the Al-diffusion from the layer into matrix and prevent the 
degradation of the coatings at high temperature. 
It Is well known that the addition of rare earths improve the 
protective properties of the coatings. Wu et a! [29] have reported 
improved hot corrosion resistance of super alloy coated by slurry, 
yttrizing step in NaCI+Na2S04 environment. Aluminide coating on a mild 
steel substrate were modified by using an oxygen-active element, 
yttrium, for improved resistance to corrosion erosion. Results showed 
that Y significantly improved the resistance of aluminide coatings to 
corrosion [30]. 
The aluminide coating dispersed with oxides Y2O3, 13263, Ce02 
and Gd203, electro deposited on the substrate followed by aluninizing 
showed improved performance [29]. In a recent paper Du. et al [31] 
have reported the high temperature corrosion behaviour of Hf-modified 
chromo-aluminized coating produced by a single step process. Cr, Al 
and Hf were introduced into the surface of the RENE 80, INC 718 Z.25 
Cr-1 Mo steel by pack cementation. The coated alloys were subjected to 
cyclic hot corrosion and cyclic oxidation test at 870 and 875°C. Cyclic 
hot corrosion and oxidation tests showed that the presence of the Cr-AI-
Hf on the surface of the alloys enhanced their resistance and showed 
superior protectivity. 
1.2.3 Method of coating technology and their application 
A number of methods can be used to produce multi-layer complex 
protective coatings on the surface of the substrate. These methods 
range from paint, dip, electroplating, chemical vapour deposition to the 
recently developed physical vapour deposition methods. 
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1.2.3.1 Pack cementation 
This is the most widely and commercially used method of 
depositing aluminide and chromised coatings. Pack cementation 
diffusion coatings are applied to more than 90% of all turbine blades 
used to jet engine. In this method, the components are embedded In a 
retort, which contains a powder pack. This powder pack consists of 
metal(s) required to be deposited (Al, Cr, Si etc.), a halide activator 
(NH4CI or NaCI) and inert filler such as AI2O3. Heating is carried out from 
750 to 1000°C, for more than one hour. The halide activator 
decomposes, halogen reacts with aluminium to form aluminium halide 
and diffuse to the substrate surface, releasing halide ions, which once 
again react with the aluminium powder in the pack. The deposit on the 
surface of the substrate diffuses to form a zone, whose thickness 
depends upon the temperature and time of heat treatment. The 
microstructure of coating is controlled by the substrate composition, 
temperature and the pack composition. Recently Koo et al [32] used this 
method of the pack cementation process to produce Al, Si, and Cr 
coatings on TisAI-Nb alloys to modify their high temperature oxidation 
properties. 
There are a number of limitations of this coatings process, 
namely, high temperature involved during coating may induce 
metallurgical changes in the substrate, the coating composition and 
structure may vary over a large component and problem of peeling off 
the coating before joining two large components. 
1.2.3.2 Gas-phase chemical vapour deposition 
This method (CVD) is a slight modification of pack cementation 
method. In this method, substrate is not in the direct contact with the 
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powder mixture and coating metal is vapourized by heating electrically 
and vapour is deposited'on the parts to be coated. CVD is divided into 
four groups: (I) thermal deposition e.g. Al-tri isobutyl to produce Al 
coating (the coating of Ru, Pd, Pt, Au, Bi, Sb and Zr can also be 
thermally deposited), (ii) reduction of halide by H2 results in deposition of 
Os, Rh, W, V and Nb, (iii) reaction of a halide to give a refractory 
compound of a metal like corbide, nitride or oxide on titanium and (iv) 
disproportionation reaction e.g. AlCI give Al and AICI3. In CVD, bonding 
between the coating materials and substrate takes place by 
interdiffusion process. CVD can form wear resistant layers and high 
temperature coatings [33]. 
1.2.3.3 Electroplating plus pack cementation 
A combination of electroplating and pack cemenatation processes 
for sequential deposition of metal coatings has been explored for some 
considerable time. The most significant advancement in recent years 
was the development of Pt-modified aluminlde coating. The method 
involves the electrodeposition of thin layer (upto 1nm) of Pt followed by 
a pack aluninizing treatment during which the Al and Pt inter diffuse with 
each other and with the substrate alloy [34]. 
1.2.3.4 Fused salt electolysis 
This is a high temperature process in which Al is deposited from 
a molten salt bath on to a nickel base alloy cathode and then diffuses 
inward to form a nickel aluminlde coating. This method is not very 
popular because of cost consideration. 
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1.2.3.5 Slurry coatings 
in this metiiod the coating powder mixture consists of aluminium 
or aluminium alloy plus an activator along with a binder and is applied 
either by spraying or brushing, and then subjected to diffusion treatment 
at temperature in the range of 1000-1200°C. Depending upon the 
aluminium content in the slurry, the coating can be formed by inward 
diffusion of aluminium or by outward diffusion of base alloying element if 
activity of Al is low. The addition of Y or Ce along with chromium has 
long been tried successfully using slurry method [35]. Slurry technique 
has been successfully used for the preparation of inorganic coatings on 
austenite and mild steel. Inorganic coating materials were mixed with 
citric acid, Ti02, MnOz, boric acid, phosphoric acid etc. to promote 
surface adhesion. 
1.2.3.6 Hot dipping 
Hot dipping involves dipping of the part to be coated in a molten 
pool of metal to form intermetallic coating by interaction with the 
substrate. Diffusion takes place during dipping or during subsequent 
heating. Hot dipping of iron or iron base alloys in Al-Zn alloys results in 
the formation of Fe2Al5 coating on the surface, whereas under typical 
galvanizing conditions, FeAla and FeAls coating are formed [36]. 
1.2.3.7 Flame and plasma spraying 
In this process, the metal wire or powder is injected into a flame or 
plasma where it melts and fomns small molten droplets. The atomization 
is an important aspect of this process. The droplets are then projected 
on the surface to be coated with the help of high-pressure gas, where it 
splats and freezes on impact. The integrity of coating depends upon the 
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atomization, the melting of the particles, the degree of oxidation of the 
droplets and the velocity of impact. 
A wide range of techniques are available for the modification of 
the above parameters [12, 37, 38]. Flame spray with acetylene-oxygen 
gives a relatively low temperature, which may be increased using arc, 
detonation gun or using plasma where the temperature increases to as 
high as 15,000°C compared to 2000°C in flame, 3500°C in arc and 
7000°C in detonation gun. The bonding Increases considerably in 
detonation gun, while density and homogenization improve considerably 
in plasma because of lower oxidation of droplets. This process is not 
used for depositing oxidation and corrosion resistant coatings to turbine 
rotor blades because the coating formed do not provide thickness, low 
porosity and adhesion. 
1.2.3.8 Electron beam evaporation 
The deposition of metallic coatings on substrate is achieved by 
thermal evaporation of a metal source, followed by condensation of the 
vapour on the component to be coated. The basic methods employed 
for evaporation are beam or filamentory sources. In electron beam 
vacuum evaporation, the kinetic energies of accelerated free electrons 
are converted into thermal energy when they strike the material to be 
evaporated. 
1.2.3.9 Electrophoresis 
In electrophoresis, finely divided particles of coating materials are 
suspended in a liquid dielectric medium and migrate under the influence 
of an electrostatic field and deposit on an electrode. The migration takes 
place due to the positive and negative charges on the particles, 
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depending upon the composition of the system. The advantage of this 
method is that it has a very high rate of deposition and a good control of 
thici^ness. It is applicable for a variety of materials, both metallic and 
ceramic [39]. The major disadvantage of this technique is that a 
separate heat treatment is required for sintering and densification 
because some coatings are easily damaged on handling. 
1.2.3.10 PVD Thermal barrier coatings 
The oxidation and hot con-osion resistance can further be 
improved by applying coatings which provide thermal insulation. These 
are also used to reduce the thermal shock loads on the blades. The so 
called thermal barrier coatings (TBC) must be: (i) sufficiently thick (ii) 
should have low thermal conductivity and high thermal shock resistance 
(iii) should have a high concentration of material void to reduce thermal 
conductivity to a value well below that of the bulk material and (iv) the 
temperature difference between the outer surface of a TBC and the 
outer surface of substrate material, coated or uncoated with other 
corrosion resistant bonding should be as high as 150°C. 
Jones [40] has presented an excellent review on the hot corrosion 
of zirconia-based thermal barrier coatings for engine application. 
Emphasis has been placed on understanding the chemical reactions 
and mechanisms that cause corrosive degradation of thermal barrier 
coating. 
Zirconia-based thermal barrier coatings (TBCs) have been 
developed for aero gas turbines for hot corrosion resistance, and 
presently they are used in military and commercial aircraft engines [41]. 
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1.2.3.11 Laser alloyed coatings 
Except diffusion coatings, the limitations of many of the coatings 
are (i) poor bonding with the substrate, (ii) uneven surface and (iii) high 
porosity. Specially in many spray techniques one way of modifying these 
coatings is by remelting the already coated surface, using a process 
which does not affect the bulk material and does not require vacuum 
and other sophisticated peripherals. This can be achieved by glazing the 
coated surface using an intense laser beam. The laser beam acts as an 
intense heat source, which melts a localised area very quickly followed 
by very rapid coating. This resu t^ in the novel structure which is 
microcrystalline to amorphous. Such a structure is good to achieve low 
diffusion rates and this acts as a better barrier to the environment. 
Thermal spray coatings are widely used to protect alloy substrate 
against high temperature corrosion. Coatings deposited by conventional 
thermal spraying systems possess pores, inter-connected paths, and 
other defects that reduce the protective effect [42, 43]. Post deposition 
treatment such as diffusion, fusing (for self-fluxing materials), hot 
isolating processing and laser processing some times are used to 
improve quality of coatings. Laser modification such as laser glazing [42, 
44, 45], laser cladding [46] and laser alloying [47] are promising 
technologies to improve corrosion resistance of coatings by changing 
their metallurgical and chemical properties. When applied under 
appropriate conditions, laser glazing of Cr-and/or Al-containing metallic 
coatings results in a dense, continuous, and adherent Cr203 and/or 
AI2O3 scale that is resistant to high temperature oxidation and corrosion 
[48]. 
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1.2.3.12 Soft vacuum vapour deposition or ion impiantation 
Ion implantation has become a widely accepted process for the 
application of dense, uniform and very adherent aluminide coatings for 
corrosion protection. This process has replaced cadmium electoplating. 
As Cd has many drawbacks so Al has replaced Cd. Al coatings provide 
good corrosion protection for high strength steels at high temperatures 
without causing embrittlement. Environmental corrosion tests of Al-
coated steel fasteners installed on a C-130 aircraft have been reported 
to show better performance [49-51]. Bennett [52] used ion implantation 
technique in studying the high temperature oxidation studies. They 
produced ion implanted coating of Y,Ce,Si,Cr,Al and Li on Ti,Zr,Ni,Cr,Fe 
and Cu metals and their alloys. The oxidation studies indicate beneficial 
effect of Y,Ce and Si ion-implanted coatings on Fe-Cr alloy in the 
temperature range of 700-1000°C for the period varying from 780 to 
5000 hrs. Recently, this technique has been used for the yttrium 
implantation on pure iron and various steels [53]. 
1.3 Hot Corrosion Behaviour of Metals and Alloys 
Hot corrosion is an accelerated type of corrosion which is 
commonly observed when metals or alloys are exposed to high 
temperature combustion gases containing certain impurities. Under such 
environments the alloys surface may be covered with salts or ash 
deposits resulting in the greater oxidation rate of the alloy than that 
othenA/ise in absence of deposits. 
A wide variety of deposits, which include alkali and alkaline earth 
sulfates, chlorides, carbonates, and vanadates are known to cause hot 
corrosion. Amongst them Na2S04 has received greatest attention due to 
its involvement in actual engineering systems. During a hot corrosion 
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attack, molten salts react with the metallic material (s) of construction in 
a processing plant such as fossil fuel power generating units and causes 
a depletion of the alloying elements required to form a protective oxide 
film on the surface of machine parts. The hot corrosion is a complex and 
natural process and occurs in many energy conversion and generation 
systems [54-56], resulting in the loss of billion of rupees annually. The 
heavy losses due to the corrosion at elevated temperatures, the general 
trend towards increasing operational temperature in order to achieve 
higher efficiencies and lack of primary energy resources, compelled the 
scientists and technologists to find out the root cause and mechanism of 
hot corrosion and participate in the development of low cost high 
strength corrosion resistant alloys and coatings [57-60] 
Goebel et al [61] examined hot corrosion on Nl-base alloys 
containing Cr, Al, W, Mo and V additions. Many references are available 
dealing with the phenomenology of Na2S04 induced hot corrosion 
attack. But our knowledge regarding the chemical reactions taking place 
between molten Na2S04 and the scales on the alloy consisting of slow 
growing oxides of Cr203/Al203/Si02 or the oxides of common alloying 
additions which are usually present in the outer oxide layers is rather 
limited. 
Recently, the corrosion behavior of a stainless steel 31 OS was 
investigated in a molten carbonate electrolyte at 650°C. The LiFe02 and 
LiCr02 oxides were formed in contact with the eutectic 62 mole % 
Li2C03 -38% K2CO3 mixture. The mechanism of corrosion confirms a 
high corrosion rate and non-protective scale during the first hours of 
immersion. An external and discontinuous Iron-rich oxide layer covered 
by a thin Cr-rich oxide layer were observed. Internal oxidation of the 
substrate also occurred to form (Fe, Cr)203 oxide [62]. 
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1.3.1 Factor influencing hot corrosion 
The hot corrosion behaviour of metals and alloys are governed by 
numerous factors and, that is why, it seems improbable to develop any 
unified theory of hot corrosion in the foreseeable future which can 
predict behaviour of even a particular alloy system. The various factors 
which have been studied are described as follows. 
1.3.1.1 Purity and composition of alloys 
It has found that generally Cr content in the alloy is the most 
important factor which contribute protection against corrosion. Norman 
and Horston [63] used the salt shower test to evaluate a number of 
commercial high chrome-Ni-base alloys using 75% Na2S04, 25% NaCI 
at 700-900°C for 500 hours. The result confirms the beneficial effect of 
Cr. 
Kaufman [64] on the basis of his small burner rig concluded that 
for Ni-15 Cr alloys. Al increased the corrosion resistance greatly, Ti and 
Co increased it slightly, Ta had no effect and W decreased it slightly. 
Small additions of rare earths seems to be beneficial in increasing 
the corrosion resistance of Fe-, Ni- and Co- base alloys. Vishwanathan 
[65] reported a significant improvement in the corrosion resistance of U-
700 by the additions of 0.1-0.3% La and Y. Seybolt [66] produced a 
considerable improvement in the corrosion resistance of U-500 by the 
addition of 0.5% Ce. The oxidation behaviour of Fe-20Cr-4AI alloys 
containing 0.01, 0.04 and 0.37 Ce was studied in air at temperatures 
between 1273 and 1523 K [67]. Higher Ce additions resulted in good 
adherence of surface oxide due to the prevention of void formation at 
the oxide/alloy interface, and pegging effect of intergranuiar oxide 
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preferentially formed at the grain boundaries. Mitani et al [68], 
incorporated La203, Y2O3, AI2O3, Ti02, Cr203 and Si02 into Fe-20Cr 
alloy to evaluate the effect of the dispersed oxides on the oxidation 
resistance. Si02 dispersion was found to reduce the oxidation 
resistance, AI2O3 had a nominal effect, Ti02 and Cr203 showed no 
beneficial effect but La203 and Y2O3 additions have excellent effect on 
oxidation resistance. 
A fairly large number of references are available regarding to 
influence of alloying elements on the hot corrosion behaviour of Fe-, Ni-
and Co- based alloys [69-75]. It seems that the additions of Cr, Al, Si, Ti, 
Nb and Ta are beneficial whereas V, Mo and W have adverse effect and 
Ni has no effect, untill and unless it is present in very high 
concentrations. 
1.3.1.2 Composition of gases 
Composition of gases in the corroding atmosphere can prove 
significant effect on the initiation and propagation rates of hot corrosion 
attack. It has been found [76] that when Co-Cr-AI-Y alloy was oxidized 
at 700°C in SO3 atmosphere, a liquid melt of Na2S04-CoS04 was formed 
which induced accelerated corrosion. The effects of fuel oil cumbstion 
products environments like chlorides, carbon products, N2 and H2 on 
corrosion resistance on stainless steels and super alloys have been 
reported [77], coal char in presence of Ar gas was more aggressive for 
many stainless steels and super alloys in coal gasifier atmospheres than 
coal char alone [78]. Several studies [79-80] have been reported, on 
high temperature behaviour of Ni and Ni-base alloys in SO2 and SO2+O2 
atmospheres and it has been found that reaction products like NiO, 
nickel sulfides (e.g., Nis S2 and Ni-S-liquid solution) or NISOA are formed 
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along with Cr- sulfides as well as Cr203, if the alloy contained Cr as an 
alloying element. 
1.3.1.3 Salt composition 
Many early investigators have reported that pure molten Na2S04 
is not very corrosive provides it is not contaminated with certain type of 
impurities. There is a substantial amount of data [81] available, which 
showed that extremely small concentration of NaCI (3-5 ppm) in the 
deposit of Na2S04 on the surface alloys or in the atmosphere caused 
the oxide scales to spall more profusely and consequently, enhancing 
the rate of oxidation. 
Archdale [82] reported that Na2S04 alone failed to corrode 
Nimonic 90A in a crucible test, but that mixtures of Na2S04 and NaCI 
gave tumour like corrosion products, which were visually and 
metallographically similar to those, found in the corroded engine. 
Archdale also found similar form of attack with mixtures of Na2S04 and 
carbon, and with 95% MgS04 and 5%C at 900°C for 72 hours exposure. 
1.3.1.4 Temperature 
The temperature dependence of hot corrosion is irregular. In 
general, the time to initiate hot corrosion attack decrease with increase 
in temperature. There are many reported works [83-87] on the effect of 
temperature on hot corrosion of iron and nickel-base alloy. 
Page and Tayler [88] reported that 870°C were close to peak 
'sulfidation' temperature for most metals. However, several deviations 
have been observed from this generalization. When chlorides is present 
in the vapour phase only, the extent of corrosion is found to increase 
with increasing temperature. Same type of trend has also been 
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observed by fluxing mechanism. However, the maximum rate of attack 
has often been found at intermediate temperatures. 
Although the reaction rate depends on the composition of the 
alloy, salts and gases, it is generally believed that below 600°C there is 
a negligible rate of attack [89]. Attack seems virtually absent above 
950°C. 
1.3.2 Mechanism of hot corrosion 
Hot corrosion is a two stage process, namely, the initiation stage 
and the propagation stage [90]. 
In initiation stage, the reaction product formed at the surface of 
the alloy is predominantly composed of the most protective phase; this 
is followed by propagation stage in which there is a rapid degradation 
and the reaction product consists of less protective phases. 
1.3.2.1 Initiation stage of hot corrosion attack 
During the initiation stage of attack on an alloy coated with salt 
deposit, the elements in the alloy are oxidized and the electrons can be 
considered to be transferred from metallic atoms to reducible substance 
are the same as those which would have reached with the alloy in the 
absence of the deposit, the reaction product barrier forms beneath the 
salt on the alloy surface. As the hot corrosion is continued, however, 
features begin to become apparent which indicates that the salt is 
affecting the corrosion process. 
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1.3.2.2 Propagation stage of hot corrosion attacit 
The propagation processes are characterized by the development 
[88,91-95] of 'non protective' corrosion products. These processes all 
eventually involve oxidation of metals and reduction of an oxidant. 
The propagation stage for degradation of alloys with salt deposits 
has been classed into three general categories: 
In the first category the salt is innocuous and degradation in the 
propagation stage proceeds by the alloy and the gas. Such a situation is 
likely to occur with porous, solid deposits through which gas can easily 
penetrate. The other two categories involve degradation mechanisms 
which are different from that which occur in absence of salt deposits. 
One category requires the salt, or a product of the salt-alloy-gas 
reaction, to be liquid. Reaction between element in the alloy and 
compound from the gas in the presence of liquid results in the formation 
of non-protective reaction products. The nature of the reactions that take 
place under such condition are similar to those where surface are 
cleaned by using salt baths for descaling of fluxes [96,97]. Hence this 
category of propagation stages has been labelled as salt fluxing 
reaction. 
The final category involves propagation reactions in which a 
component from the salt is added to the alloy, or reaction with the alloy 
or its corrosion products, such that non-protective barriers are 
developed. This category of the propagation stages can be called salt 
component-induced hot corrosion. 
A number of micro-mechanism of hot corrosion have been 
proposed. 
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1.3.2.3 Salt fluxing reactions 
The results from fireside corrosion in boilers first conceived the 
idea that protective oxide scales could be removed by molten salt 
deposits [98]. In these investigations corrosion observed in certain 
temperature regions was associated with certain types of deposits, In 
particular, alkali metal pyrosulfates (e.g., Na2S207) at temperatures 
between 480-730°C, and alkali sulfates at temperatures above 750°C. 
Bornstein and Decrescente [99] were among the first to propose 
that the hot corrosion of alloys involved a basic fluxing process. It was 
proposed that protective oxide scales were destroyed as a result of 
reaction with oxide in the salt where the oxide ions were produced by 
removal of S from Na2S04. 
1.3.2.4 Basic fluxing 
There are atleast two processes by which Na2S04 becomes more 
basic (i.e., production of oxide ions). One involves the removal of sulfur 
form Na2S04 by the alloy whereby 
SO^ -^ ^ S (alloy) + 3/2 O2 + O "^ 
and oxide ions are produced. 
Rapp and Goto [100] proposed that the oxide product formed on 
the surface of alloy may donate oxide ions to the salt. While the oxide 
that is attempting to be formed at the alloy surface may donate oxide 
ions to the salt, it could also react with existing oxide ions by reactions 
such as 
M0 + 0^~ — ^ M02^" 
25 
The later reaction is a means by which the salt can be become 
more acidic. 
1.3.2.5 Acidic fluxing 
A difference between acidic fluxing and basic fluxing is that acidic 
induced attack is usually self-sustaining. Hence small amounts of 
deposits produce much more attack for acidic fluxing compared to basic 
fluxing. Ash or salt deposits can be made acidic by two different 
processes: 
Alloy - induced acidity: It involves the formation of oxides on the 
surface of alloys which have greater affinity for oxide ions (e.g., M0O3, 
WO3, CrzOa) and 
Gas - induced acidity: It occurs due to a species in a gas that 
makes the salt acidic. The most common gas component that makes the 
deposit acidic are SO3 and V2O5 which are often introduced to the gas 
via combustion of fuels containing S and V. 
1.3.3 Solubility of metal oxides in molten salts 
An umpteen number of references are available dealing with the 
phenomenology of Na2S04 - induced hot corrosion, but our knowledge 
regarding the chemical reaction taking place between molten Na2S04 
and the scales on the alloy consisting of slow growing oxides of 
Cr203/Al203/Si02 or the oxides of common alloying additions which 
usually present in the outer oxide layer is rather limited. However, only a 
limited amount of work has been carried out relating to the solubilities 
metal oxides and Na2S04 which is more closely related to ttie metal 
oxide - salt interactions. One of the factors that affects the oxidation 
26 
resistance of the protective oxide scales is the solubility of the protective 
metal oxide in molten Na2S04. 
Straud and Rapp [101] reported the solubilities for a-A^Oa and 
Cr203 in Na2S04 at 1200 K as a function of P02 and logaNa2o- However, 
there results were inconsistent with thermodynamic exception, because 
the observed minimum in the oxide solubility occurred at to high a value 
for aNa2o-
Deanhardt and Stern [102] measured the solubility products of 
nickel and cobalt oxides in molten NaCI at 1100K and Na2S04 at 1200K 
by coulometric titration of the respective chlorides (NiCl2, C0CI2) and 
sulfates (NiSOd, C0SO4) with electrochemically generated oxide ion, 
using a stablized zirconia (sz) elctrode as an oxide pump. The metal 
oxide equilibria were complicated by the competitive paths leading to 
Na202; NaNi02 and NaCo02 formation. Confirmation of Na202 in NaCI 
and Na2S04, and NaNi02 in Na2S04 has been reported in the literature 
[103-105]. Activity coefficients of soluble nickel and cobalt salts were 
also determined from a comparison of experimental data and 
thermodynamic calculations. The calculated activity coefficients for NiC^ 
and C0CI2 in molten NaCI agree very well with value reported by Hamby 
and Scott [106,107]. 
Deanhardt and Stern [108] reported the solubility of Y2O3 in both 
molten Na2S04 at 1200K and NaCI at 1100K. The solubility was 
determined by coulometric titration of YCI3 (in molten NaCI) and 
Y2(S04)3 (in molten Na2S04) with electrochemically, generated oxide 
ions using a stablized zirconia, electrode as an oxide ion surface. 
Recently, the results of a study concerning with the high 
temperature interactions of some transition and non-transition metal 
27 
oxides separately with Na2S04 and NaCI, have been published [109-
113]. The information regarding the high temperature interaction 
between metal oxides or carbides with Na2S04 or NaCI, and the proper 
identification of the reaction products is useful in understanding the 
occurrence and importance of fluxing reactions and thus in the 
interpretation of hot corrosion mechanism and in the development of 
new protective materials and coatings. 
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Chapter 2 
Development of High Temperature Resistant 
Modified Aluminide and Titanium Aluminide 
Coatings on Stainless Steel 316 
2.1 Introduction 
Inorganic coatings on metals and alloys have been extensively 
used to prevent or reduce high temperature oxidation. The oxidation 
resistance of high temperature alloys is achieved both by lowering the 
oxidation rate and by improving the adherence of scales. The adherence 
of scale is very important in service conditions, where alloys are 
subjected to thermal cycles of heating and cooling. To improve the 
adherence of protective oxide scales to the substrate the attempts have 
largely centred on the rare-earth (RE) effect. It is well known that the 
presence of small percentage of active elements (especially rare-earth 
elements) has a beneficial effect on the properties of these protective 
scales [1,2] The weight gain resulting from oxidation is decreased, and 
the protective scale adherence is increased, which strongly enhance the 
alloy life time. Many detailed investigations have been carried out to 
determine the different aspects of the "rare-earth effect" and several 
assumptions have been proposed [3-10]. The Improvement In the 
adherence of scales and a decrease in the oxidation rate is due to the 
prevention of void formation at the alloy-oxide interface and to the 
keying on structure of scales. 
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The main object of inorganic surface coating is protection from 
corrosion and to give an appealing finish to the component. Alumlnide 
coatings were used for the first time to protect turbine hot components 
against high temperature oxidation. A large amount of data on the high 
temperature performance of alumlnide and related coatings on Nl-based 
superalloys is available in the literature [11]. In general, the alumlnide 
coatings offer good oxidation resistance, which Is further Improved either 
by increasing the coating thickness or by modifying with suitable 
elements. In recent years, aluminide coatings have drawn renewed 
Interest due to the need for protecting refractory metal alloys, such as 
TI-AI alloys or Nb-base alloys, which are being qualified for structural 
components in aeroengines and for re-entry shields in space shuttles. 
The high temperature oxidation behaviour of alumlnide coatings on 
gamma-TiAl were studied [12],and showed the good oxidation 
resistance of gamma-TiAl. In a recent paper, alumlnide coatings have 
been modified by titanium. Titanium modified alumlnide coatings have 
been prepared by low pressure gas phase deposition on the Co-base 
sueralloys and high temperature oxidation has been Investigated [13]. 
The work presented in this paper describes the results of an 
Investigation carried out to study the oxidation behaviour of Ce02 and 
Y2O3 modified aluminide and titanium aluminide coatings on stainless 
steel 316 at the temperature 827 and 927°C. 
2.2 Experimental 
2.2.1 Alloy used 
Commercially acquired stainless steel 316 was taken as substrate 
alloy. Steel specimens, 1 2 x 8 x 1 mm in size were cut from sheet of 
stainless steel and were used for coating purpose. 
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2.2.2 Chemical used 
Al metal powder, AI2O3, Ti02 and NH4CI were all reagent grade 
BDH products. Rare-earth oxides, Ce02 and Y2O3 were 
spectroscopically pure chemicals (John Mathew Products). 
2.2.3 Specimen preparation 
A 0.4 mm suspension hole was made near the middle of one end 
of the specimen. The specimens were sequentially abraded on 180, 
320, 500 and 600 grit SiC papers using a motor driven disc polisher. 
The specimens were then washed and degreased by CCI4 and alcohol. 
2.2.4 Apparatus used for kinetic studies 
Kinetic studies were carried out on a hot stage Sartorius electronic 
micro balance (Model 4410-MP8; sensitivity, 1|ig) attached with a pen 
ink recorder. The specimen was suspended to the right pan of the 
balance through a quartz fibre, with a platinum loop at the end after the 
balance has been poised, the hot furnace (set at the desired 
temperature) was raised around the sample and the oxidation 
commenced. 
2.2.5 Coating Preparation 
2.2.5.1 Aluminide coating 
The aluminide coating was prepared by pack cementation 
process[14]. Polished stainless steel strips were kept completely 
covered in a bed of homogenous coating mixture containing 30% Al 
metal powder, 65% AI2O3 and 5% NH4CI (by weight) in silica boats. The 
silica boats were placed in a muffle furnace maintained at about 850°C 
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and heated for two hours in an inert atmosphere and finally cooled in 
furnace. An extremely adherent, thin dark coating was formed on the 
stainless steel specimens. 
2.2.5.2 Ce02 and Y2O3 - modified aluminide coatings 
Aluminide coating containing varying amounts of rare-earth oxides 
e.g. 1.5% and 2.0% (by weight) were prepared. The method of 
application and heat treatment were similar to those used for aluminide 
coating. 
2.2.5.3 Titanium aluminide coating 
The titanium aluminide coating was prepared by pack cementation 
process. Polished stainless steel strips were kept completely covered in 
a bed of homogeneous coating mixture containing 30% Al metal 
powder, 65% Ti02 and 5% NH4CI (by weight) in silica boats. The silica 
boats were placed in a muffle furnace maintained at about 800°C and 
heated for two hour in an inert atmosphere and finally cooled in the 
furnace. An extremely adherent, thin dark coating was formed on the 
stainless steel specimens. 
2.2.5.4 Ce02 and Y2O3 - modified Titanium aluminide coatings 
Titanium aluminide coating containing varying amounts of rare-
earth oxides e.g. 1.5% and 2.0% (by weight) were prepared. The 
method of application and heat treatment were similar to those used for 
titanium aluminide coating. 
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2.2.6 Oxidation kinetics 
The oxidation studies were carried out at temperatures 827 and 
927°C in a slow current of air using a hot stage Sartorlus electronic 
microbalance. The oxidation runs were of usually 24 hours duration. 
2.2.7 Scanning Electron Microscopic (SEM) studies 
The specimens were mounted in paper moulds using araldlte as a 
cold setting resin. The specimens were abraded on 180, 320, 500 and 
600 grit SiC papers, respectively. The abraded specimens were then 
polished sequentially on a motor driven disc polisher using 40n, 8^ and 
6ji grade diamond paste. In order to avoid dissolution of water soluble 
Inorganic compounds present in the scales, kerosene oil was used as a 
lapping liquid during the entire polishing operation. Polished specimens 
were washed with alcohol or acetone and finally cleaned with sylvlt 
cloth. The polished specimens were then etched with add ammonium 
persulfate. In most cases, repeated alternate operations of polishing and 
etching gave satisfactory results. SEM studies were carried out using a 
Philips electron microscope. Polished specimens were coated with 
colloidal gold emulsion using a Polaron sputter coating unit and their 
structures were examined through the microscope. The desired regions 
of scales and substrate were photographed at an appropriate 
magnification. 
2.3 Results 
2.3.1 Oxidation kinetics 
Fig. 2.1-2.8 show weight gain vs time plots for the oxidation of 
aluminide and titanium aluminlde coatings on stainless steel In presence 
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of varying concentration of Ce02 and Y2O3 at 827 and 927°C In air. The 
weight gain vs time plots are parabolic as indicated by the linear nature 
of (weight gain)^ vs time plots (Fig. 2.9-2.16). The values of parabolic 
rate constant, Kp for the oxidation of different coatings at 827 and 927°C 
are listed in Table 1. At 827°C weight gain vs time plots Indicates that 
the oxidation rate of stainless steel is slightly higher in presence of 
aluminide and titanium aluminlde coatings. The oxidation rate Is lowered 
down in presence of Ce02 and Y2O3 In aluminlde coating. The oxidation 
rate is also lowered down in presence of higher concentration of Ce02 
and Y2O3 (2.0%) in titanium aluminide coatings. The oxidation rate of 
both aluminide and rare-earth modified aluminide coatings Increases 
with increase in temperature. The titanium aluminlde and rare-earth 
modified titanium aluminide coatings show higher oxidation with 
increase in temperature. The effect of the concentration of rare-earth 
oxides on the oxidation rates of aluminlde and titanium aluminide 
coatings is quite pronounced. In general, oxidation rate decreases with 
increase in the concentration of rare-earth oxides. At 927°C weight gain 
vs time plots indicates that the oxidation rate of stainless steel Is 
lowered down in presence of both aluminide and titanium aluminide 
coatings. 
Fig. 2.17 and 2.18 show Arrhenium plots (log Kp vs 1/T) for the 
oxidation of coated stainless steel in presence of rare-earth oxides. In 
most of the cases the law is followed. The values of activation energies 
for the oxidation of aluminlde and titanium aluminide coatings in 
presence of varying concentration of Ce02 and Y2O3 are listed in Table 
2. 
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2.3.2 Morphological studies 
Fig. 2.19 shows a scanning electron micrograph of the pure 
aluminide coating. In the scale; AI2O3 (whitish grey) forms the inner layer 
of scale and Cr203 and NiO present in outer layer. 
Fig. 2.20 shows a SEM picture of aluminide coating containing 2.0 
wt. % Ce02. The inner layer of scales contain AI2O3 and Ce02 (light 
grey) and the outer layer of scale contains Cr203 (dark). 
Fig. 2.21 also shows a scanning electron micrograph of aluminide 
coating containing 2.0 wt. % Y2O3. The scales are quite adherent, the 
inner AI2O3 whitish grey scales are intact and linked with outer Cr203. 
The light grey portion shows the presence of Y2O3 in scale. In the 
substrate white portion shows the presence of FeO and Fe203. 
Fig. 2.22-2.24 show the scanning electron micrograph of titanium 
aluminide and titanium aluminide with Ce02 and Y2O3 at 927°C. In Fig. 
2.22, whitish grey portion of scale indicates about Ti02.Al203. Fig. 2.23 
and 2.24 show SEM picture of titanium aluminide coatings containing 
2.0 wt.% Ce02 and YeOs. respectively. In Fig. 2.24 there are many 
phases, Al203+Ti02 (whitish grey) Y2O3 (light grey), oxides of iron 
(white). 
2.4 Discussion 
The oxidation of aluminide and titanium aluminide coatings on 
stainless steel proceeds by a diffusion controlled mechanism as 
indicated by the parabolic nature of the weight gain vs time plots. The 
oxidation rates of stainless steel are slightly higher in presence of both 
aluminide and titanium aluminide coating at 827°C. While at 927°C, the 
oxidation rates of stainless steel are lowered down in presence of both 
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aluminide and titanium aluminide coatings. The oxidation resistance of 
coated stainless steel can be discussed on the basis of the decrease in 
oxidation rates as well us adherence of oxide scales. The oxide scales 
are formed by the outward diffusion of cations (Fe*^). This result in the 
formation of voids at the scale/alloy interface and adherence of scale is 
degraded. As Ce02 and Y2O3 are fast oxide Ion conductor, their 
presence in the coating may result in high diffusivity of oxide ions 
through them. This may enhance the inward diffusion of oxygen. The 
inward diffusion of oxygen improves the adherence of scale by 
supressing the formation of voids at the scale/alloy interface. Further the 
presence of Ce02 and Y2O3 in the coating cause rapid formation of a 
continuous layer of alumina, which blocks the outward diffusion of iron 
ions of the outer scale. So, the oxidation rates of aluminide and titanium 
aluminide coating in presence of Ce02 and Y2O3 are significantly 
lowered down and weight gain is reduced. 
A inspection of the photomicrographs indicates that the oxide 
scales formed on the aluminide coating are uniform, compact and well 
adhered. The structure of aluminide coating comprises of AI2O3 (whitish 
grey), oxides of iron (white), Ce02 and Y2O3 (light grey) and Cr203 (dark 
grey). During oxidation, aluminide coating provides AI2O3 forming inner 
scales, Ce02 and Y2O3 are largely concentrated at the alloy/scale 
interface found though in the medium and outer scale also. Outer scales 
also contain Cr203 and NiO, Cr203 form the outer layer of scale and 
linked with NiO at outer side. The presence of rare earth oxides 
improves the adherence of oxide scale by producing a keying on the 
structure. In the photomicrograph of titanium aluminide coatings It is 
clear that in presence of 2.0 wt. % Y2O3 the outer scale is adhered and 
inner layer of scale contain AI2O3 and Cr203 and decrease the oxidation 
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rates of stainless steel. An increase in oxidation rates with increasing 
temperature may be due to the oxide spalling caused by the stress 
arising from the difference between the thermal contraction of the alloy 
and that of the oxide scales. The photomicrographs show clear evidence 
of oxide spalling appears to the minimal, the effect of rare-earth oxide 
addition is more clearly pronounced and oxidation rates are significantly 
low. The potent role of small rare-earth addition in improving the 
oxidation resistance of heat resisting alloys have been dealt in detail by 
severalinvestigators [7,15,16]. 
2.5 Conclusions 
1. The oxidation rates of stainless steel were slightly higher in 
presence of aluminide and titanium aluminide coatings at 827°C. 
2. The oxidation rates of stainless steel were significantly lowered 
down in presence of both aluminide and titanium aluminide 
coatings at 927°C. 
3. At the temperatures 827 and 927°C the oxidation rates of Ce02 
and Y2O3 containing aluminide and titanium aluminide coatings 
were significantly lowered down. 
4. The oxidation rates of both aluminide and titanium aluminide 
coatings containing 2.0 wt.% Y2O3 were much lower than the 
other. 
5. The oxidation rates of both coated and uncoated alloy increase 
with increasing the temperature. 
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6. The presence of rare-earth oxides in both aluminide and titanium 
aluminide coatings reduce the gaps/cleavages at the alloy/scale 
interface and marl<edly improves the scale adherence. 
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Table-1 
Value of parabolic rate constant Kp(g^cm'^ s'^ ) of aiuminide and 
titanium aiuminide coatings with and without rare-earth oxides at 





Aiuminide + Ce02 (1.5% by wt.) 
Aiuminide + Ce02 (2.0% by wt.) 
Aiuminide + Y2O3 (1.5% by wt.) 
Aiuminide + Y2O3 (2.0% by wt.) 
Titanium aiuminide 
Titanium aiuminide + Ce02 (1.5% by wt.) 
Titanium aiuminide + Ce02 (2.0% by wt.) 
Titanium aiuminide + Y2O3 (1.5% by wt.) 























Activation energies for the oxidation of aluminide and titanium 
aluminide coatings with and without rare-earth oxides at the 
temperatures 827 and 927°C. 
Coatings 
Activation energy 
(kj moj-^ ) 
Aluminide 37.29 
Aluminide + Ce02 (1.5% by wt.) 182.32 
Aluminide + Ce02 (2.0% by wt.) 214.87 
Aluminide + Y2O3 (1.5% by wt.) 198.96 
Aluminide + Y2O3 (2.0% by wt.) 209.36 
Titanium aluminide 97.41 
Titanium aluminide + Ce02 (1.5% by wt.) 120.33 
Titanium aluminide + Ce02 (2.0% by wt.) 170.80 
Titanium aluminide + Y2O3 (1.5% by wt.) 91.16 
Titanium aluminide + Y2O3 (2.0% by wt.) 123.71 
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Fig. 2.1 Weight gain vs time plots for aluminide coating on 
stainless steel containing different concentrations of 










Fig. 2.2 Weight gain vs time plots for aluminide coating on 
stairiless steel containing different concentrations of 
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Fig. 2.3 Weight gain vs time plots for titanium aluminide 
coating on stainless steel containing different 
concentrations of CeOz. oxidized at 827°C 
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Fig. 2.4 Weight gain vs time plots for titanium aluminide 
coating on stainless steel containing different 
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F ig . 2.5 Weight gain vs time plots for aluminide coating on 
stainless steel containing different concentrations of 
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Fig . 2.6 Weight gain vs time plots for aluminide coating on 
stainless steel containing different concentrations of 
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Fig. 2.7 Weight gain vs time plots for titanium aluminide 
coating on stainless steel containing different 
concentrations of CeOj. oxidized at 927'C 
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Fig. 2.8 Weight gain vs time plots for titanium aluminide 
coating on stainless steel containing different 
concontralions of YjOj. oxidizod ut 927*C 
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Fig. 2.9 (Weight gain)' vs time plots for aluminide coating on 
stainless steel containing different concentrations of 
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Fig. 2.10 (Weight gain)' vs time plots for aluminide coating on 
stainless steel containing different concentrations of 
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Fig. 2.11 (Weight gain)' vs time plots for titanium aluminide 
coating on stainless steel containing different 
concentrations of Ge02. oxidized at 827°C 
• Plain stainless steel 
O Titonium oluminide 
A Titanium aluminide-* Y203(1.5*/.) 





• • -% £ 
u 
**• 
/ • / • N 4 
_ 




< 3 "" t 
^^rr N 
•^^  c 
° 7 
9 * ^g A_A ^ A A • A 
A A 




Fig. 2.12 (Weight gain)' vs time plots for titanium aluminide 
coating on stainless steel containing different 
concentrations of YjOa, oxidized at SZT'C 
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Fig. 2.13 (Weight gain)* vs time plots for aluminide coating on 
stainless steel containing different concentrations of 
CeOz. oxidized at 927''C 
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Fig. 2.14 (Weight gain)* vs time plots for aluminide coating on 
stainless steel containing different concentrations of 
Y2O3. oxidized at 927''C 
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Fig. 2.15 (Weiglit gain)' vs time plots for titanium 
coating on stainless steel containing 





Fig. 2.16 (Weight gain)' vs time plots for titanium aluminide 
coating on stainless steel containing different 
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Fig. 2.17 Arrhenium plots for the oxidation of aluminide coating 
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Fig. 2.18 Arrhenium plots for the oxidation of titanium aluminide 
coating containing different concentrations of rare-
earth oxide 





Fig. 2.19 SEM picture of aluminide coating on stainless steel 
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F i g . 2.20 SEM picture of aluminide coating on stainless steel 
containing 2.0 wt. % CeOa, oxidized at 927°C (4000x) 
Fig. 2.21 SEM picture of aluminide coating on stainless steel 
containing 2.0 wt. % Y2O3, oxidized at 927°C (4000x) 
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Fig. 2.22 SEM picture of titanium aluminide coating on 
stainless steel, oxidized at 927°C (4500x) 
— FeO + FC2O 
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Fig. 2.23 SEM picture of t itanium aluminide coating on 
stainless steel containing 2.0 wt. % Ce02, oxir'iz.ed 
at 927°C (4500x) 
— Iron oxides 
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Fig. 2.24 SEM picture of t itanium aluminide coating on stainless 
steel containing 2.0 wt. % Y2O3, oxidized at 927°C 
(3100x) 
